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Abstract
Due to climate change and warming sea surface temperatures (SST), the intensity and frequency
of tropical cyclones in the North Atlantic are continuing to increase. Tropical cyclones have
many direct and indirect effects on coastal and marine species, such as sea turtles. Sea turtles are
extremely vulnerable to climate change, due to having life history, physiology, and behavioral
traits that are heavily influenced by environmental factors (Fuentes and Porter 2013). This study
examined whether tropical cyclones serve as a triggering event for environmentally cued
hatching (ECH) in loggerhead (Caretta caretta) and green (Chelonia mydas) turtle nests in
Broward County, FL, as well as possible impacts on incubation length and hatch frequency from
changes in numerous environmental factors associated with these cyclones. Barometric pressure
was shown to have a significant effect on both loggerhead and green sea turtle hatch frequencies,
with lower barometric pressures, an indicator of approaching tropical cyclones, correlated with
an increase in hatch frequency. Barometric pressure also showed a significant effect on
incubation length, but only in loggerhead turtles. Decreasing barometric pressure was correlated
with a decrease in incubation length. The relationship between incubation length and hatch
frequency and several other environmental factors was also evaluated. However, these results
were inconclusive due to the large amount of environmental background noise. Models were
unable to filter out environmental noise to determine a significant effect, or lack thereof, between
other factors and incubation length and hatch frequency. These environmental factors require
more in-depth investigation. Further study is needed to continue exploring the relationship
between environmental factors associated with tropical cyclones and their effects on sea turtle
incubation and hatching as potential cues for ECH.

Keywords: climate change, North Atlantic Hurricane Season, hurricanes, tropical cyclones,
cyclones, environmental triggers, early hatching, delayed hatching, synchronous hatching.
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Introduction
Climate change is one of the major issues many endangered species are facing today
(Gibbons et al., 2000). Climate change causes warming global temperatures, changes in weather
patterns (Ahmed, 2011; Knutson et al., 2010), increased ocean acidification, and increased
quantity of hypoxic events (Domenici & Seebacher, 2020). The effects of climate change are
usually framed in terms of long timescales, which can span from decades to centuries. However,
climate change can be detected from global weather in a year, month, or single day (Sippel et al.,
2020). Many terrestrial and marine species worldwide face pressure from climate change. Shifts
in population distributions (LaFever et al., 2007; Poloczanksa et al., 2016), migration patterns
(Visser et al., 2009), and behavioral responses (Breuner et al., 2013; Heupel at al., 2003) are
presently being observed as the physical environment changes. Marine turtles are extremely
vulnerable to climate change (Fuentes & Porter, 2013), as they have many life history,
physiology, and behavioral traits that are particularly influenced by environmental temperatures
(e.g., sex ratios, Laloe et al., 2016; incubation lengths, Matsuzawa et al., 2001; egg/hatchling
mortality rates, Laloe et al., 2017; changes in available nesting beaches and successful nests,
Varela et al., 2018). Climate change also presents a unique challenge for egg laying animals
through environmentally cued hatching (ECH). ECH is a phenomenon in which a hatching event
occurs outside of the spontaneous hatching period for a clutch due to an extrinsic cue (Doody,
2011). The spontaneous hatching period of a clutch (total number of eggs laid by one organism
during one nesting session) is the time period over which hatching would be expected to occur
without any external cue or prompt. The environmental factors that may trigger ECH are
numerous, and impact hatching timing and success. Species of marine turtles, such as loggerhead
(Caretta caretta) and greens (Chelonia mydas), may be highly impacted through changes in ECH
events.
It is important to study the effects of climate change on these species of turtles because,
like all species of marine turtles, they are considered endangered or threatened, and are
susceptible to becoming extinct due to climate change. According to the International Union for
Conservation of Nature (IUCN), six of the seven extant species of sea turtles are listed as
threatened or endangered. These categories are determined based upon declining global and local
populations over the course of three generations. The seventh species, the flatback sea turtle
(Natator depressus), is listed as “Data Deficient” (IUCN, 1996). At present, a variety of
5

conservation efforts aim to help increase sea turtle survival rates. Some efforts include the use of
turtle excluder devices (TEDs) within the fishing industry, international agreements like the
Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES),
which aims to ensure international trade in wild animal specimens does not threaten their
survival, rehabilitation centers for sick and injured sea turtles, nesting beach monitoring, and
poaching determent (Burkholder et. al, 2020).
One of the issues related to conservation techniques is that the effects are not
immediately observable at the population level. Age at maturity and lifespan varies between sea
turtle species, but sexual maturity is typically reached between 20-50 years of age, and the
lifespan can extend up to 90 years (Mayne et al., 2020). If a nesting beach monitoring program
were implemented and successful (i.e., that led to a greater number of hatchlings reaching the
ocean), the effects of an increased nesting female population would not be observed for another
two decades. Another issue that arises from the sea turtles long-lived and complex life history
includes population monitoring. A sea turtle’s life history includes a variety of ecosystems, from
terrestrial habitats when laying eggs to coastal habitats, to the open ocean (Bolten, 2003), and
can involve long migration distances (Figure 1). Because of this, it can be difficult to monitor
different life stage population sizes, both on a local and global scale. Currently, population sizes
are estimated using mathematical models based primarily on nesting data (Piacenza et al., 2017).
However, sea turtle population estimations may be less accurate than originally assumed, as the
relationship between the nesting female population, adult male population, and juvenile
population has not been well established (Campbell, 2005). The lag in data and potentially
inaccurate population estimates impact our knowledge of population dynamics and sources of
current species threats. This in turn influences our ability to construct and implement effective
conservation strategies. Future marine turtle populations may face negative consequences if
inadequately informed conservation strategies do not effectively mitigate the threats sea turtles
are facing. Understanding how climate change, both indirectly and directly, effects marine turtles
is an important aspect of creating accurate models for both conservation and population
modeling. One factor that may be influenced by climate change, which could also significantly
affect turtle populations is ECH.
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Figure 1. Sea turtle life cycle. (Source: Narco-Maciel et. al (2011)). A generalized model of the
migratory life cycle of a sea turtle.

Environmentally Cued Hatching (ECH)
For animals exhibiting ECH, both the variables that may trigger it and the mechanisms by
which it is executed are largely unknown and under-studied. Environmentally cued hatching is
the “variation in the time, age, or developmental stage at hatching, facilitated by an extrinsic
cue” (Doody, 2011), while hatching that occurs in the absence of an external cue is known as
spontaneous hatching. There are three main types of ECH: early (hatching triggered earlier than
the spontaneous hatching period by some external cue), delayed (deferring hatching until cued by
a more advantageous period), and synchronized (all eggs in a clutch hatch at roughly the same
time despite a thermal gradient) (Doody, 2011).
7

The current knowledge of early hatching shows that it occurs in similar numbers across
all groups of reptiles and is the most commonly reported type of ECH (Doody, 2011). A study by
Bustard (1972) showed experimental evidence for ECH, where green sea turtle eggs stimulated
by a mechanical prodder hatched 4-5 days earlier than the control group. However, a review of
the available literature found this to be the only investigation of early hatching in sea turtles.
Delayed hatching appears to be driven by the goal of ensuring hatching occurs during
periods of favorable environmental conditions (Doody, 2011). An example of this can be seen in
the pig-nose turtle (Carettochelys insculpta), with hatching being delayed to coincide with the
wet season instead of the dry season. Doody et al. (2001) found that eggs of pig-nose turtles laid
during the dry season reached hatching competence during the dry season, and yet postponed
hatching until the onset of the wet season, aestivating (delaying hatching) for 10-25 days and
cued by hypoxia.
Synchronous hatching is more complex and requires a more detailed definition. This type
of ECH occurs when, despite a thermal gradient, all eggs in a clutch hatch at roughly the same
time. Like most reptiles, sea turtles lay multiple eggs in one session, depositing on average
between 50-180 eggs per clutch, depending on species (Bjorndal & Carr, 1989; Hirth, 1980).
Because eggs were laid at the same time and go through the same process of development, all the
eggs should hatch at the same time. However, nests can have a thermal gradient (Thompson,
1988) that not only can affect sex ratios (Laloe et al., 2016), but also the rate of embryonic
development (Du & Shine, 2015). The difference in embryonic development time leads to eggs
that are ready to hatch at different times. However, sea turtle nests, along with a few other turtles
and reptiles that have known temperature gradients within their nests, have been shown to hatch
synchronously. Temperature, movement, auditory sounds, change in heart rate, and oxygen or
carbon dioxide consumption have been suggested as potential cues (Bustard, 1972; Colbert et al.,
2010; Drake & Spotila, 2002; Ferrara et al., 2014.) Synchronous hatching is thought to have
evolved for predator avoidance or to improve the ability of escaping from the nest (Carr & Hirth,
1961; Colbert et al., 2010; Doody, 2011), and is restricted to reptilian species with known
thermal gradients in nests.
All types of ECH may play a role in species fitness by improving the survivorship of
hatchlings. From an evolutionary perspective, ECH may allow organisms to improve their
chance of both immediate and future survival by balancing costs and benefits of hatching
8

depending on the varying risks. For animals that produce more than one offspring, assessing
environmental cues is important for synchronous hatching. For organisms that require group
hatching, such as sea turtles (Carr & Hirth, 1961), ECH may be advantageous to help ensure that
the majority of the hatchlings make it out of the nest during more favorable conditions. Even
though many species have evolved group hatching (Spencer & Janzen, 2011), the diversity and
mechanics of ECH across taxa are still not well known.
At present, ECH is known to occur in 43 reptile species with examples of all three types
being reported (Doody, 2011; Doody et al., 2012; Warkentin, 2011). Due to the lack of research,
and the enigmatic nature of egg laying habits in reptiles, there may be more species that exhibit
ECH than reported. To date, the most common form of ECH observed in reptiles is early
hatching (Doody, 2011), with vibrations suggested as primary cue for early hatching, though
chemical, visual, and auditory cues may also serve a role (Warkentin, 2011). Fungal infections,
hypoxia, and temperature have all been demonstrated to cue early hatching in reptiles (Moreira
& Barata, 2005; Booth & Thompson, 1991). Varying types of ECH have been found in
seventeen species of turtles (Doody, 2011), including the green sea turtle (Chelonia mydas)
(Bustard, 1972;). Green sea turtle eggs have been observed to demonstrate early hatching in a
laboratory setting. Physical disturbances and vibrations stimulated from a mechanical prodder
were thought to be the extrinsic cue triggering this ECH event (Bustard, 1972).
Environmental factors that may cue ECH need to produce some type of external cue that
can be sensed by the embryo. Not only does an embryo need to be able to experience the outside
environment, but they also need a mechanism that can process these external cues and coordinate
a specific response or behavior. One way that organisms might be able to do this is through the
endocrine system. The neuroendocrine system has been shown to play a large part in and to help
regulate processes such as reproduction (Owens, 1985), development, and metabolism
(McCormick, 2009). In the limited amount of research to date, an assortment of environmental
variables have been observed to trigger ECH. These responses can have a significant effect on
the survival of an animal (McCormick, 2009). There is much research to be done in regard to the
mechanism of ECH, but two main avenues of research that have been identified include:
developing experiments identifying hatching cues, and conducting investigations using
environmental context in which ECH might evolve within specific species (Doody, 2011). Due
to the predicted impacts climate change may have on endangered and vulnerable species, it is
9

imperative to explore how environmental factors are affecting these species. While our current
knowledge of ECH is limited, environmental factors such as temperature Increased frequency
and intensity of tropical cyclones are a result of climate change and may have the potential to
affect incubation length or hatch frequency through cuing early, synchronous, or even delayed
hatching.
Tropical Cyclones
Tropical cyclones are rotating low pressure systems (counterclockwise in the Northern
Hemisphere) of clouds and thunderstorms originating over tropical or subtropical waters with
closed, low-level circulation, while extratropical (ET) cyclones are those whose energy source
results from the temperature contrast between warm and cold air masses (baroclinic) (“Glossary
of NHC Terms,” n.d.) Tropical cyclone categories are differentiated by maximum sustained
surface winds, and include tropical depressions (≤ 38 mph), tropical storms (39-73 mph), and
hurricanes (>74 mph) (NOAA, 2018). Hurricanes are further classified using the Saffir-Simpson
Hurricane Wind Scale (Table 1) (“Saffir-Simpson Hurricane Wind Scale”, n.d.). While the
impacts of climate change on hurricanes are still being explored, there have been observed trends
of increased early and late season cyclones in recent years (Kossin, 2008), suggesting that an
increase of sea surface temperatures (SST) could lead to a longer Atlantic hurricane season.

Table 1. Saffir-Simpson Hurricane Wind Scale (with Tropical Depression and Tropical Storms
for comparison)
CATEGORY

ABBREVIATION

SUSTAINED WINDS (MPH)

TROPICAL DEPRESSION

TD

<38

TROPICAL STORM

TS

39-73

1

H1

74-95

2

H2

96-110

3

H3

111-129

4

H4

130-156

5

H5

>157
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Other studies have shown that there is a positive correlation between SST and the number of
tropical cyclones per hurricane season (Emanuel, 2005; Elsner, 2006). Changes in SST may also
influence tropical cyclone intensity (i.e., the highest sustained wind speed found within the
cyclone), with current projections estimating that tropical cyclone intensity may increase by 211% by 2100 (Bureau of Meteorology, 2019; Knutson et al., 2010).
All types of tropical cyclones can disrupt turtle nesting and hatching in a variety of ways,
across species and life stages. Hurricanes and other high intensity cyclones can alter adult sea
turtle behavior by disrupting their movement and dive patterns or through changing coastlines
and affecting where nesting females lay their eggs (Storch et. al, 2006; Dodd & Byles, 2003).
The nests and eggs can be affected as well, through washouts (i.e., where eggs are washed out of
the nest to the ocean by rising tides and wave action), and inundation, or flooding of the nests
(Storch et. al, 2006). Of the three main species that nest on the Atlantic coastline (loggerhead,
green, and leatherbacks), green sea turtles’ nesting period tends to overlap most with peak
hurricane season, while leatherbacks overlap the least. Because of this, green turtle nests are
inundated more often than leatherback nests (Storch et. al, 2006). A study by Pike and Stiner
(2007) on the Atlantic coast of Central Florida found that, of nests inundated due to storm surges,
86% of leatherback nests hatched, while only 39% of green nests hatched. Generally, across all
sea turtle species, cooler temperatures (e.g., from shading/lack of sunlight or inundation of nests)
increase incubation time (Matsuzawa et al., 2001). Temperature changes within the nest can
come from change in air temperatures, shading or heavy cloud coverage, inundation, or from
heavy rains (or lack thereof). While studies have been done regarding tropical cyclones and
varying aspects of sea turtles and their life histories, this study focuses on the factors of tropical
cyclones and how they may affect incubation periods and hatching through ECH.
To know if environmental variables associated with tropical cyclones can be detected by
embryos and elicit responses, such as ECH, previous research on other animals can be used for
guidance.
Barometric pressure is of particular interest, as it has been shown in previous studies to
influence behaviors of other vertebrates, such as elasmobranch, amphibians, birds, and fish
(Heupel et al., 2003; Breuner et al., 2013; Brooke et al., 2000; Crinall & Hindell, 2004).
Barometric pressure, atmospheric pressure measured with a barometer, is a well-known predictor
of incoming storms and tends to decline over a few days as the storm approaches, typically by
11

0.59-3.54 kPa (Saucier, 2003). This change can prompt a variety of behavioral responses that
will produce different results across taxa. Barometric pressure changes (related to incoming
storms) have been shown to trigger behavioral changes in birds. White-crowned sparrows in
particular can both sense and respond to change in barometric pressure (Breuner et al., 2013).
One hypothesis to explain this is an increase in hormones (regulated by the endocrine system)
triggered by the changes in pressure, which bring about a specific stress-response or behavior.
Heupel et al. (2003) observed a subpopulation of blacktip sharks responding to an approaching
tropical cyclone by moving to deeper water, potentially triggered by a drop of barometric
pressure associated with the storm. Palomino-Gonzalez et al. (2020), found that in leatherback
turtles (Dermochelys coriacea), the probability of successful nesting and barometric pressure
was positively correlated. If adult sea turtles are able to detect pressure changes, sea turtle
embryos may also be able to detect a drop or spike in barometric pressure, and have it cue an
ECH event. This avenue of research has not been explored as of present, and investigation is
needed to see how changes in barometric pressure, along with other environmental factors
associated with tropical cyclones may trigger an ECH event. The full impacts of tropical
cyclones on incubation periods and hatch frequency of sea turtle nests are still unclear, with
some factors better understood than others. ECH within sea turtles is also under studied. These
constituents may alter incubation durations and/or frequency, or provide a cue to facilitate
hatching at a distinctive time. As tropical cyclones continue to become more frequent and more
intense with climate change, this work is significant as it will be one of the first studies seeing
how tropical cyclones affect incubating eggs.
Objectives
Endangered marine turtles are important for ecosystems, providing special ecosystem
services, such as nutrient cycling and foraging that prevents plant overgrowth, and are beneficial
for the tourism industry in many coastal communities. With climate change impacting many
meteorological factors and weather patterns that can play a large, but somewhat unknown role, in
sea turtles’ life history, we will see changes in survival rates and population sizes. How the
changing environment will affect things such as ECH is not known or currently being
investigated, and thus emphasizes the need for a study of this kind.
The objective of this study is to investigate the response of incubating sea turtle eggs to
atmospheric, or meteorological, factors associated with tropical cyclones. The variables include:
12

air temperatures (minimum, maximum, and average), barometric pressure (the pressure exerted
by the weight of the atmosphere at any given point, measured by a barometer), total liquid
content (TLC- which represents the water equivalent amount of precipitation per day), and wind
speed (average, peak, and sustained). These meteorological variables will be considered
throughout the entire hurricane/ nesting season. The aim of this study is to determine if any of
these variables could be potential triggers for ECH. This will be done by looking at hatch
frequency, which is the number of nests hatching per day, and incubation length, which is the
length of time (days) from oviposition to hatchling emergence. Tropical cyclones within the
study site will also be compiled and analyzed to see how these weather events are changing and
impacting the local environment.
I hypothesize that barometric pressure will affect both hatch frequency and incubation,
with green sea turtles exhibiting a stronger relationship between barometric pressure and
incubation length due to the strong overlap between their nesting season and hurricane season. I
also postulate that the meteorological variables of temperature, windspeed, and TLC will affect
both hatch frequency and incubation length. I except that green turtles will also exhibit a stronger
relationship than loggerheads with these variables.
Materials and Methods
Study Site
This study focused on tropical cyclone events and sea turtle nests within Broward
County, Florida, USA. Broward county is located in Southeast Florida along the Atlantic coast
(Figure 2). Since its inception in 1981, the Broward County Sea Turtle Conservation Program
(BCSTCP) has contributed to conservation efforts through beach monitoring and protection of
nests throughout the annual nesting season (March through October) in Broward County
(Burkholder et al., 2020). This monitoring is important for the early life stage of marine turtles.
Only 0.1% of hatchlings that make it to the ocean will survive to adulthood (Frazer, 1986).
Protecting and overseeing nests helps to ensure that as many hatchlings as possible make it to the
water.
The state of Florida hosts 90% of the nesting for the North Atlantic loggerhead
population, and 40% of the total loggerhead nesting globally (FWC, 2016; IUCN, 2015; Storch
et al., 2006). Broward County alone can host over 3,000 nests annually along its 38 kilometers of
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beach (Burkholder & Slagle, 2016 & 2017). While the majority of the nests in this area are
loggerhead sea turtle nests, green and leatherback turtles can nest here as well. These three
species exhibit temporal nesting habits within the nesting season, with leatherbacks nesting the
earliest, typically beginning in March and through June; loggerheads nesting April to August;
and green turtles nesting May to September (Burkholder et al., 2020). Hurricane season in the
North Atlantic, which includes Broward County, runs from 1 June to 30 November, with the
majority of tropical cyclones occuring between August-October (“Background Information:
North Atlantic Hurricane Season,” n.d.). Due to the overlap between hurricane season for the
North Atlantic and nesting and hatching seasons for multiple species, Broward County provides
an ample sample size of nests incubating and hatching during hurricane season.

Legend
Surveyed by BCSTCP
Surveyed by park rangers

Figure 2. Study area, Broward County beaches, FL, USA.
Beaches denoted by survey group.
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Figure 3. Study area, Broward County, FL, USA. Location of
Florida International Airport field station in comparison to
monitored beaches.

Marine Turtle Data
Seasonal sea turtle nesting data was obtained from the Broward County Sea Turtle
Conservation Program (BCSTCP) for the 2000-2018 nesting seasons following guidelines
outlined in the Florida Fish and Wildlife Conservation Commission (FWC) Marine Turtle
Research Permit #880. Each nesting season (1 March-31 October), BCSTCP conducted daily sea
turtle nesting surveys and monitoring on Broward County beaches (38.6 kilometers), excluding
the 4.8 kilometers of beach that make up Dr. Von D Mizell-Eula Johnson State Park (formerly
known as John U Lloyd State Park) under FWC Marine Turtle Permit #214 (Burkholder et al.,
2020). The park was monitored by park rangers, who provided each season’s nesting information
to BCSTCP. Daily nesting surveys consisted of documenting all nesting and non-nesting turtle
emergences, establishing nest perimeters around new nests, and continuous monitoring of all
nests within the survey area until they hatched or were considered no longer viable (after 70 days
of incubation for green and loggerhead nests, 80 days for leatherback nests). When possible,
nests were excavated and inventoried at least 72 hours post hatch out or once nests were
considered no longer viable.
Due to the historically low quantity of leatherback turtle nests that are laid in Broward
County (Burkholder & Slagle, 2015), as well as the limited overlap in leatherback nesting and
hurricane season, this species was excluded from analysis. There was one confirmed Hawksbill
(Eretmochelys imbricata) during the 2000-2018 period, as well as multiple nests of unknown
15

species, that were also excluded. Data from each year were compiled to form an all-inclusive
database- which was then reviewed and standardized for a consistent dataset to provide a
standard for upcoming nesting season data collection and for use in future academic studies. Due
to variation in collection methods, some data points for nests in earlier years were unable to be
obtained in completion or properly verified. While these data were included in the overall
database, it was excluded from this study and analysis. An index column was created for the
comparison of nesting data and environmental data. This was done by assigning the first day of
the selected timeframe as “1” (1 March 2000) and continued consecutively through to the end of
the study period (2= 2 March 2000… 32= 1 April 2000…6849= 30 November 2018). The index
number was assigned based on a nest’s hatch date to allow for more relevant analysis with
potential temporally associated triggers for ECH. Turtle embryos are fully developed around 45
days after oviposition (Miller et. al in 2017), and so this study focused on the end of the
incubation when most systems have developed, and when embryos could viably hatch and
survive. Species, year the nest was laid, date the nest was laid, date the nest hatched, incubation
length in days (calculated), hatch success rate, hatch frequency (total and by species) and any
associated named cyclones that occurred during incubation were included in dataset for analysis.
Climatological Data
Local climatological data was obtained through the National Ocean and Atmospheric
Administration’s (NOAA) National Centers for Environmental Information (NCEI) (“Data
Tools: Local Climatological Data,” n.d.). The Local Climatological Data (LCD) Dataset
Documentation provided by the NCEI was used to help interpret datasets and abbreviations. Data
came from the Fort Lauderdale International airport field station (Lat: 26.0788 °N, Lon: -80.1622
°W, Elevation: 11 ft) (Figure 3). Daily summaries were generated for each day that fell within
hurricane season (183 days each season) during the study period, regardless of if there was a
cyclone event. In November of 2000, there was an unknown error with data collection and no
climatological data was archived for any day in that month. There was also one day in 2010 (31
July) that had no recorded data, also due to an unknown error. In total, 3,446 days of
environmental data were used for the purpose of the study. The following daily measurements
were collected for each nest: air temperatures (minimum, maximum, and average; measured in
degrees Fahrenheit), barometric or atmospheric pressure (at station location; measured in inches
of mercury), TLC, which represents the water equivalent amount of precipitation for the day
16

(measured in inches), and wind speed (average, peak, and sustained; measured in miles per
hours). Environmental data was tracked for the entirety of a nest’s incubation period up to the
day it hatched.
A list of all tropical cyclones during the study period was compiled from the NOAA
Office for Coastal Management’s Historical Hurricane Tracks website (“Historical Hurricane
Tracks,” n.d.). All tropical storms and hurricanes that came within 200 nautical miles of Broward
County beaches were included in the study. This distance was chosen as it has been previously
shown to be towards the outer distance limit that a cyclone can have impacts on sea turtle nesting
beaches (Milton et al., 1994; Gilbert, 2013). This included cyclones that originated in the
Atlantic Ocean and moved west or originated in the Gulf of Mexico that moved eastbound over
the Florida peninsula. The average duration of Atlantic tropical cyclones ranges in length from 319 days (Pike & Stiner, 2007). The date the tropical cyclone was closest to Broward County was
determined and included in the dataset, alongside barometric pressure reported at that time. The
maximum category a tropical cyclone reached was not always the category of the cyclone when
closest to Broward County. The category of a tropical cyclone when closest was the category
used in this analysis.
Data Analysis
Data exploration was performed on both turtle nesting data and local climatological data
based on the protocol developed by Zuur, Ieno, and Elphick (2010). All statistical analyses were
preformed using R, version 1.3.1093.
Tropical cyclones that met all parameters set forth by this study were examined to have a
better understanding of the North Atlantic hurricane season and not only how it effect’s Broward
County nesting beaches, but also how the hurricane seasons have changed over the course of 19
years. Data visualization was used to understand the raw data, as well as to make comparisons
across and between years, and across and between categories of cyclones.
Analyzing the marine turtle data included categorization of the data. This was done for a
few different reasons. While loggerhead and green turtles have many similar characteristics and
similar nesting habitats, there are still variations in temporal and spatial nesting behaviors
(Burkholder & Slagle, 2015), as well as morphological and physiological variations between
species. It cannot be assumed that both types of marine turtles would react similarly to
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environmental variations. Species were analyzed together, as well as separately to distinguish the
difference in responses to all environmental variables that were investigated.
Other categorization to note is that of average incubation time. The viable range of
hatching for loggerhead and green turtles falls between the minimum of 45 days length (Miller et
al., 2017) to 70 days, when the nests are no longer considered viable (FWC Handbook, 2016).
Nests were categorized for some analyses based on whether their incubation duration fell below
or above the calculated mean incubation length for each species (loggerhead mean incubation
length= 50.972 days, green mean incubation length=51.12075 days). This calculated mean is
supported by the marine turtle developmental field key developed by Miller et. al (2017), which
determined that the mean sum of time for an embryo to develop / complete all developmental
stages was about 50 days This was done in hopes that any existing relationships between
incubation length, hatch frequency, and an environmental variable would be easier to detect, as
there was a lack of capability to isolate individual environmental or meteorological variables
when testing relationships.
It was determined that the best statistical test to use was a generalized additive model
(GAM). These models are flexible and provide a smoothing technique which can help capture
the non-linearities within datasets and help to fit non-linear models (Larsen, 2015). GAMs were
used through the “mgcv” package in R-Studio to investigate the relationship between hatch
frequency and incubation length and varying environmental factors associated with tropical
cyclones. Multiple GAMs were run to find which model most appropriately described the
relationship between variables. Such GAMs included those with various distributions, link
functions, factor levels, and combinations of environmental variables. All models used the
default smoother (cubic spline). Environmental variables were put individually into models for
each individual specie, as well as a combined model for both turtle species. The environmental
variables were looked at both individually and in combination with any and all other variables to
best establish their affect on hatch frequency and incubation length, as well as to see how these
variables may interact. The significance of the tested independent variable(s) on the dependent
variable(s) was determined by a p-value of 0.05. The model was verified through the gam.check
function. Here, residual plots of the residuals versus linear predictions, plots of response values
versus fitted values, and histograms of residuals were examined for model validation.
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Results
There were 42,259 loggerhead nests and 4,128 green nests included in the analysis.
Partial to complete local climatological data for 3,446 days that occurred during the official
hurricane seasons were recorded and used in conjunction with nesting data for modeling. There
were 30 tropical cyclones during the study period that came within 200 nautical miles of
Broward County beaches.
Tropical Cyclones
During the 19 years of this study, Broward County experienced 30 tropical cyclones of
varying strengths (Table 2). All cyclones for this study were classified based on their status when
closest to Broward County beaches, not the maximum strength the cyclone reached overall. For
example, Hurricane Irma reached a maximum strength of category 5, but was at a strength of
category 3 when closest to Broward County. Thus, Irma was classified as a category 3 for the
analysis.
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Table 2. List of tropical cyclones that came within 200 nautical miles of Broward County (Bro)
beaches between 2000 and 2018.
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Storm Name

Maximum Cateogry

Cateogry Closest to
Bro.

Barometric Pressure
(inHg) Closest to Bro.

Date Closest to Bro.

GABRIELLE

H1

TS

29.3823

2001-09-15

MICHELLE

H4

H1

28.7622

2001-11-05

ERIKA

H1

TS

29.85481

2003-08-14

CHARLEY

H4

H4

27.7877

2004-08-13

FRANCES

H4

H2

28.3488

2004-09-05

JEANNE

H3

H3

28.0535

2004-09-26

FRANKLIN

TS

TS

29.73669

2005-07-22

KATRINA

H5

H1

29.0575

2005-08-25

OPHELIA

H1

TD

29.79575

2005-09-06

RITA

H5

H1

29.087

2005-09-20

TAMMY

TS

TS

29.70716

2005-10-05

WILMA

H5

H2

28.0535

2005-10-24

ERNESTO

H1

TS

29.58904

2006-08-30

BARRY

TS

TD

29.53

2007-06-02

NOEL

H1

TS

29.2937

2007-11-01

FAY

TS

TS

29.2642

2008-08-19

HANNA

H1

TS

28.9394

2008-09-05

BONNIE

TS

TS

29.73669

2010-07-23

NICOLE

TS

ET

29.3823

2010-09-30

BRET

TS

TS

29.55951

2011-07-18

EMILY

TS

TD

29.85481

2011-08-06

IRENE

H3

H2

28.0535

2011-08-25

ISAAC

H1

TS

29.2937

2012-08-26

SANDY

H3

H1

29.4414

2012-10-26

ARTHUR

H2

TS

29.67763

2014-07-01

JULIA

TS

TD

29.82528

2016-09-13

MATTHEW

H5

H4

27.6696

2016-10-07

EMILY

TS

TD

29.76622

2017-08-01

IRMA

H5

H3

27.6401

2017-09-10

GORDON

TS

TS

29.70716

2018-09-03

Over the course of this study, there were an average of 1.58 tropical cyclones per year
that lasted an average of 9.30 days (range= 2-17) from start to dissipation. The frequencies and
types of tropical cyclones varied by year. The year 2005 had the most tropical cyclones, six (6).
The years 2000, 2002, 2009, 2013, and 2015 had no (0) tropical cyclones. 2005 had a variety of
tropical cyclone strengths, a combination of category 1 and 2 hurricanes, tropical depression, and
tropical storms. A year like 2008, however, only had lower strength tropical storms. Figure 4
shows a summary of the amount and types of tropical cyclones experienced by each year in the
study period.

Figure 4. Number of tropical cyclones experienced each year during the study period. Bar graph
represents the types of cyclones experienced within each year.
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The most common category of cyclone that Broward County received was tropical storms
(n=13), followed by tropical depressions (n=5), hurricane category 1 (n=4), category 2 (n=3),
category 3 and 4 (n=2 for each), and extratropical storms (n=1). There were no cyclones that
reached a category 5 strength that came within a 200 nautical mile radius of Broward County
(Figure 5).

Figure 5. Break down of frequency of cyclone strength (categories) that were experienced in Broward
County over course of study period, 2000-2018.

The average barometric pressure in Broward County between 2000-2018 was 29.94
inHg. Cyclones such as Hurricane Charlie (2004), Hurricane Matthew (2016), and Hurricane
Irma (2017) all had barometric pressures as low as 27.64 - 27.78 inHg when these cyclones were
closest to Broward County (Table 2). These cyclones were some of the strongest cyclones that
effected Broward County (hurricane categories 3 and 4). The range of minimum barometric
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pressure varied between 27.64 inHg (Hurricane Irma) and 29.85 inHg (Tropical Storm Emily),
with the higher minimum barometric pressure coinciding with weaker cyclones (Figure 6).

Figure 6. Minimum barometric pressure variation across cyclone categories that came within 200
nautical miles of Broward County between 2000-2018. Each triangle represents an individual tropical
cyclone’s minimum barometric pressure (y-axis) within each category or strength of cyclone (x-axis).

Environmental Factors
Barometric pressure in Broward County fluctuated daily, monthly, and yearly. Average
barometric pressure also fluctuated between years. However, the greatest fluctuations or
decreases in pressure preceded cyclone events. (Figure 7). Years such as 2001, 2008, 2010, and
2017 all show a dramatic drop in pressure over the course of days preceding cyclone events. The
effect of barometric pressure was tested for both hatch frequency and incubation period.
Daily hatch frequencies included both species of marine turtles, loggerhead and greens.
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Figure 7. A subset of data depicting how barometric pressure changed throughout September, the peak
month of hurricane season, throughout the study period. Each graph represents the month of
September in the given year, and the average barometric pressure (inHg) for that day of the month.

Overall, there was a significant effect of barometric pressure on hatch frequency (p < 2e16

, r2 adj=0.06, edf=8.92) that explains 6% of the deviance. The estimated degrees of freedom

(edf) represent the fit of the model, with higher edf values indicating a more complex
relationship. The effect of barometric pressure on hatch frequency varied between groups based
on average incubation length. Nests with an above average incubation length were significantly
different from the mean smoother (p=1.23e-6) while nests with a below average incubation did
not vary from the mean smoother (p=0.9769).
The effect of barometric pressure on incubation length was also tested. When combining
species, there was a significant effect of barometric pressure on incubation length (p=0.0124,
edf= 2.08216, r2 adj=0.505). Loggerhead and green marine turtles were also tested separately to
see how the relationship varied between species. For loggerhead turtles, there was a significant
effect of barometric pressure on incubation length (p=0.00319) that explains 50% of deviance (r2
adj=0.493). Neither those nests with an above average incubation or those with a below average
incubation were significantly different from the mean smoother (p=0.09578 and p=0.99897
respectively). For green turtles, there was not a significant effect of barometric pressure on
incubation length (p=0.563) (Figure 8).
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Figure 8. Barometric pressure and incubation lengths across species (CC= Caretta
caretta, CM= Chelonia mydas). Nests were divided into groups based upon if their
incubation length fell above or below the mean, and further divided into species.
Each blue dot represents a nest, with its incubation length (days) and average
barometric pressure (inHg) over the course of incubation.
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Modeling was able to provide insight on the relationship between barometric pressure
and hatch frequency/ incubation length, however models fitting the environmental factors of
temperature, TLC, and windspeed were unable to determine the nature of the relationship
between these factors and hatch frequency/ incubation length for either species. A combination
of all variables and categorical levels were used when trying to determine the best fit model.
Model parameters such as distribution patterns and link identities were explored as well.
Regardless of the significance level (p<0.05) of the tested relationship, none of the models
passed the gam.check, and were all deemed to be unfit. Thus, the relationship between the
environmental factors of temperature, windspeed, and TLC and incubation length and hatch
frequency were unable to be determined in this study.

Discussion
This study found a significant effect of barometric pressure on hatch frequency (which
included both green and loggerhead turtles). The estimated degrees of freedom (edf) give an idea
how complex the smoothing was in the statistical model. An edf of around 1 represents a more
linear relationship. A higher edf, such as the 8.9 from the barometric pressure and hatch
frequency model output, represents a more complex non-linear relationship. This model output
also showed a lower r2 adjusted value (0.06), which means that 6% of the variation can be
explained by barometric pressure. And while this is lower, it is not unexpected. There are many
factors that can affect the hatching frequency of any given day, such as how nests are on the
beach or the number of nests within hatching range. While the r2 is not the highest, it shows that
even “noisy” or high-variability data can still have a significant trend. This trend indicated that
barometric pressure is providing information about hatch frequency, even though data points
might fall farther from the regression line.
Barometric pressure also had a significant effect on incubation lengths when looking at
both species in a single model, explaining about 51% of the deviance (r2 adj=0.505), as well as
for just loggerhead turtles, explaining about 50% of the deviance (r2 adj=0.493). This shows
strong relationships between barometric pressure and incubation length. In green turtles,
barometric pressure did not have a significant effect on incubation length, which was a surprising
result that will be examined further later along in the discussion.
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Barometric Pressure: Potential Cue for ECH
For something to be an effective trigger to facilitate any type of ECH event, the factor (or
change in factor) needs meet a few key criteria: needs to be detectable, the change in the cue/ the
cue itself cannot be very common in the environment, and it has to provide some adaptive
benefit. This begs the question if barometric pressure could be a potential cue for ECH.
For barometric pressure to be a cue or trigger for an ECH event, it first needs to be detectable
by the organism. Adult sea turtles have been observed exhibiting behavioral changes in response
to barometric pressure changes (Schofield et al., 2010; Palomino-González, López-Martínez &
Rivas, 2020). This study has further shown preliminary evidence in support of marine turtle
embryos also being able to respond to changing barometric pressure.
The cue, or change in cue, cannot be very common in the nesting environment if it is to
trigger nests to hatch outside of the spontaneous hatching period. While barometric pressure can
vary daily, the largest change or drop in barometric pressure precedes tropical cyclone events.
Barometric pressure can change between 0.59-3.54 inHg over the 24-72 hours before a cyclone
or storm event (Breuner et al., 2013), with stronger tropical cyclones having a greater decrease in
barometric pressure. Currently, sea turtle sensitivity to barometric pressure is unknown, however
some marine organisms can detect changes as small as 0.12 inHg (Heupel, Simpfendorfer &
Hueter, 2003).
The last criterion is that the occurrence of the cue needs to provide some type of adaptive
benefit. Dramatic drops in barometric pressure precedes intense tropical cyclone events. As a
potential cue for ECH, hatchlings that get out of the nest environment before a cyclone can
potentially find a safer place to ride out the tropical cyclone. Eggs in the nest can be exposed to
hazardous conditions including inundation of nest or being completely washed out to sea. Eggs
will drown in either of those situations. Hatching during a cyclone event can also be hazardous
due to storm surge, heavy rainfall, and windy conditions. Barometric pressure meets all the
criteria for a potential trigger for ECH events, and warrants further study investigated its effect
on incubation and hatching in further detail across all marine turtle species.
Some of the findings in this study warrant further discussion. Barometric pressure had a
significant effect on loggerhead incubation length, but not on the incubation length of green
turtles. This refuted the hypothesis that green marine turtles would show a stronger relationship
between incubation length and barometric pressure. While loggerhead and green sea turtles are
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considered sympatric species in Broward County, they exhibit distinctive temporal patterns.
Loggerheads begin nesting in April, with peak nesting numbers in June, and stop nesting in
August. Green turtles, in comparison, start nesting around May, peak in June or July, and taper
off in October (Burkholder & Slagle, 2015). Green turtle nesting season overlaps significantly
with hurricane season, while loggerhead turtles only partially overlap. These species are exposed
to varying amounts, strength, and side effects of tropical cyclones, and thus may be affected
differently (Pike & Stiner, 2007), or have differences in adaptive traits and behaviors.
Some behavioral adaptations that greens might have evolved include specific nesting spatial
patterns. Through informal observations, green turtles seem to nest higher on the beach than
loggerhead turtles (Figure 8). This is thought to protect the nests from intense storm surge.

Figure 8. Left Picture – Green turtle tracks leading up to a nest high on the beach in the
vegetation. Right picture – Loggerhead nest laid above but close to the high tide line that
got completely washed out to sea due to a storm surge from a tropical cyclone.

Nesting higher in the dunes or vegetation can also help protect nests from storm surge. As the
water washes up over the nest, and then back out to sea, the roots from the vegetation can help
hold the eggs in place, preventing the nest from “washing out.” Green turtles may also not be as
sensitive to barometric pressure changes or are less adept at detecting changes in this
environmental variable. The costs of hatching early are not to be overlooked. The benefits may
not have outweighed the costs of early ECH in an evolutionary sense. Few costs of early
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hatching have been identified in reptiles (Doody, 2011), although these costs have been
demonstrated for other animals. In some precocial birds for example, shortened incubation times
produce chicks that exhibited reduced motor skills (Vince & Chinn, 1971; Cannon et al., 1986).
In reptiles, Nile crocodiles (Crocodylus niloticus) have shown that premature hatchlings retain
their yolk sac and often die (Blake, 1974). Colbert, Spencer, and Janzen (2010) found that within
painted turtles (Chrysemys picta), sibling turtles that hatched earlier exhibited longer righting
times, and concluded that this difference was due to neuromuscular development and reflected a
cost of early hatching. This area warrants further research.
Temperature, Windspeed, and TLC
While the relationships between the individual variables of temperatures, windspeeds, and
TLC and incubation length and hatch frequency were not able to be determined, these variables
may not be triggers for an ECH event. Maximum, minimum, and average temperatures
throughout nesting season in South Florida are extremely variable (Black, 1993), even outside of
hurricane season. Even if air temperatures remain constant, temperatures within the nest can
change throughout the developmental process (Ackerman, 1997; Booth & Astill, 2001). Because
changes in temperature are fairly common, they may not be a strong candidate to trigger a
hatching event outside the spontaneous hatching period. However, other studies have shown that
temperature can affect incubation (Booth & Astill, 2001; Drake & Spotila, 2002; Hill et al.,
2015), and thus no conclusions are able to be drawn from this study on whether temperature
changes could be a potential cue for ECH. Rainfall (TLC in this study) and wind speed vary
similarly to temperature throughout nesting season, and in Florida, excessive rain and wind are
not unique to tropical cyclones. And while no relationship was seen in this study, rainfall can
cause cooling of the nest, thus changing the temperature that has been shown in other studies to
affect incubation, and so again no conclusions can be drawn from this study on whether rain or
windspeed could be a potential cue for ECH.
Issues and Complexities
It is important to note a few issues and complexities that occurred within this study. This
study focused on tropical cyclones and incubating and hatching behaviors of marine turtles.
However, an issue with studies focusing on extreme weather events is the lack of data
surrounding and during the event. Safety is always a top priority when collecting data. If
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conditions are unsafe, marine turtle surveyors will not be out on the beach looking for hatch outs.
However, hatch outs may and most likely are still occurring. This then leads to gaps in the data.
Even if surveyors are able to conduct monitoring surveys, weather conditions might make it very
difficult to determine which nests and when are hatching. In regard to climatological data,
tropical cyclones will bring high wind speeds and heavy rainfall, which can damage data
collecting equipment. Thus, the climatological data also has some gaps surrounding extreme
weather events (Figure 7). Examples of this include Hurricane Irma (2017) and Hurricane
Frances (2004). Barometric pressure data leading up to Hurricane Irma was not able to be
collected. Incubation and hatching data surrounding nests affected by Hurricane Frances were
also unable to be collected due to safety hazards due to weather.

Figure 7. Left Graph - Barometric pressure of the days leading up to Hurricane Irma’s closest point to
Broward County, represented by the vertical solid blue line. Data points for the days before, day of,
and days after are missing. Right Graph – Marine turtle data set. Nests that were affected by Hurricane
Frances are lacking incubation and hatching data.

Another issue that this study faced was that the details of the relationship between the
environmental factors of temperature, wind speed, and TLC and hatch frequency and incubation
length in either species was unable to be determined. This could be due to a variety of reasons,
one of which being the “holes” or lack of data that was previously mentioned. These critical
datapoints occur at the time of focus for this study. Obtaining datasets with more robust data in
these critical time periods immediately before, during, and after the storm might help to further
understand and establish the nature of the relationships between temperature, windspeed, and
TLC and hatch frequency/ incubation.
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Another reason could be the complexity of the general relationship between sea turtle
incubation and its environment. Embryonic development is a complex process that is severely
influenced not only by its nesting environment, but many other external environmental and
biological factors (Tezak et al., 2020). Nests that have a higher sand moisture content can
produce larger hatchlings (Erb et al., 2018), while nests that receive too much rainfall can cause
fatalities through inundation (Pike & Stiner, 2007). Higher temperatures can influence sex ratios
(Laloe et al., 2016), while temperatures that exceed the viability threshold can increase mortality
(Ackerman, 1997). Incubating eggs are exposed to a variety of environmental factors that are
constantly changing and interacting. Trying to isolate one variable to investigate the relationship
within incubation is difficult to do with field data. The effects other environmental factors have
on the incubation or development process will present itself as “background noise” when
building statistical models of individual environmental variables, lowering r2 values (showing a
weaker relationship) or preventing the model from finding any patterns at all. Further studies into
the changes or factors themselves associated with tropical cyclones may be able to isolate
environmental factors of interest through laboratory testing.
Data for this experiment was obtained from organizations that were already collecting
data for other intents and purposes. Using previously collected data from outside organizations
can present problems and challenges. First, previously collected data leads to restrictions in what
questions are testable and how they can be tested, as it is impossible to go back and collect
additional information if needed. Datasets that are collected over a long timeframe (i.e., decades)
can include data that was collected without current technology, resulting in unknown
inconsistencies in datasets. Changes in protocol can also lead to unwanted variation within
datasets. These things are important to note when interpreting results, as they may exclude
possible statistical tests that are warranted for testing specific hypotheses or they may alter
outcomes, patterns, and trends.
Conclusions
This study shows the first preliminary evidence of barometric pressure being detected by
marine turtle embryos in both loggerhead and green marine turtles, through the significant effect
of barometric pressure on daily hatch frequencies for both species. It also provides support to
barometric pressure being an extrinsic cue for ECH in loggerhead turtles, having a significant
effect on both hatch frequency and incubation length. Currently, green turtles warrant additional
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investigation into their ability to detect and/ or sensitivity to changes in barometric pressure, as
they did not show a significant relationship between barometric pressure and incubation length.
The relationships between incubation period/ hatch frequency and other environmental
factors associated with tropical cyclones (temperature (average, maximum, and minimum), wind
speed (maximum and sustained), and TLC) were not able to be determined through statistical
modeling in this study. These inconclusive results show that more studies investigating ECH in
marine turtles are needed as climate change continues to impact endangered marine organisms in
a variety of ways.
The 2020 North Atlantic hurricane season was extremely active, with well above normal
activity. The average hurricane season has twelve named cyclones. Tropical or subtropical
cyclones are named by the United States National Hurricane Center when they are judged to
have 1-minute sustained winds of at least 39 mph (63 km/h). A record thirty named cyclones
formed during the 2020 season, with thirteen becoming hurricanes and six becoming major
hurricanes – category 3 or higher on the Saffir-Simpson Hurricane Wind scale. This compares to
the long-term average of a hurricane season having twelve named cyclones, six hurricanes, and
three major hurricanes. In terms of Accumulated Cyclone Energy (ACE), which measures the
strength and duration of tropical storms and hurricanes, activity in the Atlantic basin in 2020 was
75% above the long-term mean (NOAA 2020). These extreme weather patterns are becoming
more common and more intense as we continue to battle climate change, presenting evergrowing and -changing threats to endangered sea turtle populations. Continued investigations
into the mechanisms and prevalence of ECH across all seven species can and will be important
for future conservation management strategies.
Future Directions
For organisms that have temperature dependent sex determination, such as sea turtles,
research focused on the potential effects of climate change on the egg stage has mainly focused
on sex ratios of offspring (Pike, 2014). Of the research focusing on ECH, few studies have
focused on marine turtles (Bustard, 1972). Studies identifying hatching cues are needed to
advance the knowledge of this phenomenon in reptiles (Doody, 2011).
Further research needs to be done on barometric pressure as it relates to sea turtle nests,
with the immediate next step after this study being data-collection to fill in some of the gaps in
current data surrounding cyclone events. Barometric pressure data-loggers placed around nests or
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buried to the depth of the average clutch could provide invaluable information of pressure felt by
embryos throughout hurricane season. This could verify, or shed further light, onto the results
found in this study. Further experiments could include focusing on pressure manipulation of sea
turtle clutches within a laboratory setting to strengthen our understanding of the nature of the
relationship. While there is still much research to be done in regard to ECH in sea turtles, this
study should provide a good first steppingstone.
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